ABSTRACT Emergence patterns and cold tolerance of adult Bathyplectes curculionis (Thomson) were studied in relation to weather conditions that are typical during fall and winter in the Southern Great Plains. Laboratory studies were conducted to conÞrm that daylength and environmental temperatures prevailing during fall and winter are conducive to termination of diapause, pupal development, and emergence of B. curculionis adults. Mean Julian dates for Þrst detection of the parasite in larvae of Hypera postica (Gyllenhal) were 69 and 72 for two Þeld research sites in Oklahoma. These dates indicate that adults of B. curculionis emerge during winter and are frequently subjected to freezing temperatures as they begin parasitizing the Þrst larvae of H. postica to infest alfalfa, Medicago sativa L., each year. Both laboratory and Þeld studies demonstrate that Ͼ80% of adult parasites can survive repeated exposures to daily low temperatures ranging from 0 to Ϫ9ЊC. This level of cold tolerance indicates that the adults can survive during February and March when mean low temperatures are Ϫ1 and 3ЊC, respectively, in central Oklahoma. Although some adults of B. curculionis do emerge during fall and winter in the Southern Great Plains when there are no hosts available, this potential disadvantage to effective biological control is offset somewhat by the cold tolerance of adults, which allows survival during late winter and spring when they parasitize the Þrst larvae of H. postica to infest alfalfa annually.
SINCE ITS NATURAL dispersal across Oklahoma from 1972 to 1974 (Berberet and Gibson 1976) , Bathyplectes curculionis (Thomson) has remained the most consistent parasite of the alfalfa weevil, Hypera postica (Gyllenhal) , in the Southern Great Plains. During the period from March to May, when host larvae are most abundant in the Þrst crop of alfalfa, B. curculionis completes one to two generations (Berberet et al. 1980) . Prepupae of B. curculionis enter diapause during April and May and remain within cocoons until termination of diapause, pupation, and adult emergence beginning in fall and winter. Adults of B. curculionis were collected from alfalfa Þelds in Oklahoma by sweepnet sampling during the period from October through December in 10 of the 20 yr from 1975 to 1994 (Berberet and Bisges 1998) . There is evidence that emergence of adults continues during intermittent periods of mild temperatures (daily high temperatures ϭ 10 Ð15ЊC) that are typical throughout winter in the Southern Great Plains. Weevil larvae that have been parasitized by B. curculionis have been collected as early as February (Berberet and Bisges 1998) .
Bathyplectes curculionis has never become sufÞ-ciently abundant, particularly during the peak occurrence of H. postica larvae annually, to provide successful biological control of this key pest of alfalfa. Studies have been conducted to evaluate the importance of several factors that may limit the success of B. curculionis, including competition by other natural enemies of H. postica such as B. anurus (Thomson) and the fungal pathogen, Zoophthora phytonomi (Arthur) (Goh et al. 1989, Berberet and Bisges 1998) . Also evaluated has been the effect of encapsulation of eggs of B. curculionis by host larvae (Berberet et al. 1987) . Further studies have shown that populations of B. curculionis may be reduced by limitations in its adaptation to climatic conditions of the Southern Great Plains. For example, adults that emerge during the period from October through January seldom contribute to species populations because there are rarely any weevil larvae present to be parasitized at this time. Even if emerging during February and March when host larvae are usually present, adults of B. curculionis are frequently exposed to freezing temperatures that may limit their effectiveness.
While in diapause, prepupae of B. curculionis within cocoons survive freezing temperatures to Ϫ20ЊC (Cherry et al. 1976 ). Studies have not been conducted previously to determine the cold tolerance of adults emerging after diapause is terminated. However, other insects such as the ßesh ßy, Sarcophaga crassipalpis Macquart, exhibit much greater cold tolerance while in diapause than after diapause is terminated (Lee and Denlinger 1985) . However, there is evidence that when not in diapause, S. crassipalpis can become conditioned to survive freezing temperatures by short periods of exposure to low temperatures (Chen et al. 1987 (Chen et al. , 1991 Berberet and Bisges (1998) , and have been extended in this article to include all years from 1975 through 2001. Because alfalfa was too short to sweep in most years when hatching of H. postica began, weekly collections were made by pulling plant terminals and removing larvae manually in the laboratory. As plant height increased, samples were taken by sweeping larvae from foliage. Samples of 50 (at low populations) or 100 larvae per sampling date were then dissected to determine the presence B. curculionis. Typically, the Þrst life stage of the parasite detected was the egg stage, however, in some instances newly hatched larvae were found. When a minimum of 100 additional larvae could be collected either by pulling terminals or by sweeping, groups of larvae were reared at 23 Ϯ 3ЊC in paper bags with addition of fresh foliage daily until all had pupated. These samples were examined in search of cocoons to verify the presence of B. curculionis.
Based on Celsius degree-day (CDD) accumulations for the period leading up to the date that eggs or larvae of the parasite were Þrst detected, an estimate of the date that parasitization may have begun was made for sites in Grady and Payne Counties during each year from 1975 to 2001. Degree-days were calculated using a threshold of 6ЊC determined for pupal development and adult emergence in B. curculionis by Eklund and Simpson (1977) . This threshold temperature has been veriÞed and an accumulation of Ϸ45 CDD above 6ЊC determined for embryonic development in B. curculionis (Berberet 1986 ; R.C.B., unpublished data). Based on these temperature parameters and the assumption that eggs detected in dissections had probably been laid one or more days previously, parasitization was estimated to have begun within the period required for accrual of 15Ð 45 CDD before the date of Þrst detection each year. Temperature data recorded at the research sites in Grady and Payne Counties from 1975 to 2001 were used in estimating Julian dates for the onset of parasitization each year and calculating means for days from the estimated time for onset of parasitization to the date of Þrst detection of parasites in dissections.
Adult Emergence. It was not the intent of our research to make a detailed determination of conditions of photoperiod and temperature required for termination of diapause and adult emergence in B. curculionis. However, a series of experiments was conducted to estimate how daylength and temperature conditions typical for fall and winter in the Southern Great Plains (USDC 1975Ð2000, Johnson and Duchon 1995) may inßuence the timing of adult emergence in this parasite. Diapausing parasites used in these experiments were obtained by rearing Þeld-collected H. postica larvae taken during April and May, and cocoons were stored in the laboratory at 22 Ϯ 3ЊC. Viability of parasites was veriÞed through viewing prepupae within cocoons by placing them over a pinpoint of high intensity light before they were used in experiments. Although research has not been conducted to determine in detail the conditions of temperature and photoperiod necessary for termination of diapause in B. curculionis, previous studies have indicated that Ͼ60% of parasites emerge as adults after exposure to temperatures at or below 4ЊC for a period of 7 wk or longer (Parrish and Davis 1978 ; R.C.B., unpublished data). We conducted experiments in environmental chambers to estimate the minimum duration of exposure to 4ЊC in conjunction with high temperatures ranging from 15 to 23ЊC and a photoperiod of 12:12 (L:D) h that would result in termination of diapause and emergence of adult parasites. The relative humidity ranged from 50 to 70%.
The Þrst experiment was conducted in three replicates with treatments consisting of groups of 50 diapausing B. curculionis in cocoons that were held at 4 Ϯ 1ЊC for 1, 2, 3, 4, 5, 6, 7, 8, or 10 wk, respectively. After the speciÞed periods at low temperature, the groups were transferred to 23 Ϯ 1ЊC and checked daily to determine days required to Þrst emergence and the percentage of parasites that emerged from each treatment. Data were subjected to analysis of variance (ANOVA) and mean separation was accomplished by calculation of least signiÞcant difference (LSD) (0.05) (SAS Institute 1989).
A second experiment was conducted to estimate days required for emergence of B. curculionis with alternating temperatures of 15 Ϯ 1 and 4 Ϯ 1ЊC during light and dark cycles, respectively. Ten groups of 50 cocoons were checked daily to determine days to Þrst and 50% emergence. Methodology for the third experiment was similar to that of the second except that temperatures were 23 Ϯ 1 and 4 Ϯ 1ЊC during light and dark cycles, respectively. Means Ϯ SE were calculated for days to Þrst emergence and 50% emergence in these experiments.
Cold Tolerance. In addition to establishing that environmental conditions allow termination of diapause and emergence of B. curculionis adults during fall and winter, we assessed the capability of the adults to survive temperatures that are typical in winter and early spring in the Southern Great Plains. Parasitism of H. postica by B. curculionis is commonly Þrst detected during February and March. To obtain sufÞcient numbers of adults of the same age for use in experiments relating to cold tolerance, groups of 300 cocoons were held at 4 Ϯ 1ЊC for 7Ð10 wk before being transferred to 23 Ϯ 1ЊC for pupation and adult emergence. Most adults emerged 14 Ð16 d after cocoons were moved to the higher temperature. After emergence, B. curculionis were held at 13 Ϯ 1ЊC and supplied with 2% sucrose by use of a cotton wick.
When subjected to low temperature treatments, B. curculionis adults were placed in cylindrical cages (diameter ϭ 4 cm; height ϭ 7 cm) constructed of thin pasteboard with clear plastic tops, and each having two holes (diameter ϭ 2 cm) cut in the sides and covered with cloth. A small container with a pasteboard lid was attached to the bottom of each cage so that 2% sucrose could be supplied using a cotton wick contained within a soda straw. Cages were designed to minimize condensation on the cage walls or the chances of contact by parasites with liquid from the wick used to supply sucrose, because contact with liquid on the exoskeleton may inßuence the rate of freezing in insects and survival at low temperatures (Salt 1963) . Thin pasteboard was used to reduce the potential temperature differential outside versus inside cages.
Low temperatures used in this experiment were selected based on a review of historical temperature data for central Oklahoma during February and March (USDC 1975Ð2000, Johnson and Duchon 1995) . To assess the capability of B. curculionis adults to survive repeated daily cycles of freezing and nonfreezing temperatures as often occur during winter in the Southern Great Plains, six replicates of four treatments were used, including a constant 13 Ϯ 1ЊC (treatment 1 ϭ control) and daily (24 h) cycles in which the temperature was reduced from 13 Ϯ 1 to Ϫ1 Ϯ 1ЊC (treatment 2), to Ϫ5 Ϯ 1ЊC (treatment 3), or to Ϫ9 Ϯ 1ЊC (treatment 4), then returned to 13ЊC. Separate environmental chambers were calibrated for each treatment using data loggers (HOBO, Onset Computer Corp., Pocasset, MA). For treatments 2, 3, and 4, the temperature was lowered from 13ЊC at hourly intervals, Þrst to 7ЊC, then to Ϫ1ЊC (at which treatment one remained for 10 h), to Ϫ5ЊC (treatment two remained for 8 h), and to Ϫ9ЊC (treatment three remained for 6 h). After the required durations of exposure, temperatures were raised at hourly increments beginning with treatment four through the reverse of the sequence described above and held at 13ЊC for the remaining 10 h of the day. This procedure was completed for Þve consecutive days. The rate of change in temperature was intended to simulate what may occur in the natural environment, and overall, was slower than the standard of 1ЊC/min proposed by Salt (1966) for determination of supercooling points.
For each replicate, two male and two female wasps were placed in each of seven cages (total ϭ 28 wasps) for each of the three cold temperature treatments and the control (constant 13ЊC). Cages were checked before the temperature reduction began each day to record numbers of B. curculionis females and males surviving. As effects of exposure to freezing temperatures may not be observed immediately, after completion of the Þfth daily cycle, wasps were held at 13ЊC for 3 d after which the Þnal observation of survival was recorded. Daily means and overall cumulative means (Ϯ SE) were calculated for the percentages of parasites surviving in each treatment. Analyses of variance (ANOVA) were calculated for all sets of means and LSD (0.05) were calculated for mean separations (SAS Institute 1989) .
After the Þnal observations of parasite survival for this experiment, 3Ð5 females were selected at random from each treatment of each replicate to evaluate potential effects of exposure to freezing temperatures on reproduction. Each female was placed for a period of 6 h in a cage (diameter ϭ 5 cm; height ϭ 20 cm) containing an alfalfa bouquet on which Þve H. postica (second and third instars) were feeding. The host larvae were dissected 24 h after wasps were removed to determine the percentages of B. curculionis that had oviposited viable eggs.
To validate results of the laboratory experiment, the ability of B. curculionis adults to survive freezing temperatures in the Þeld was determined during January and February, 2000. Because the timing of these experiments was dependent upon occurrence of freezing temperatures, they could not be scheduled in the manner of laboratory experiments. About 600 cocoons held for a minimum of 7 wk at 4 Ϯ 1ЊC were transferred to 23 Ϯ 1ЊC at weekly intervals to await adult emergence. Adults were held at 13 Ϯ 1ЊC until used in experiments 1Ð7 d after emergence. When freezing temperatures under Þeld conditions were forecast, cages containing 20 adults each (numbers of males and females not recorded) were placed at the soil surface among alfalfa crowns and protected from direct contact with precipitation by thin plastic covers. Cages were placed at random in a Þeld area within a radius of 20 m. A data logger (HOBO, Onset Computer Corp., Pocasset, MA) was placed at the soil surface among alfalfa crowns in the same Þeld area as the cages to Fifteen to twenty-six cages with B. curculionis were placed in the Þeld for each of three experiments of 3Ð5 d duration between 25 January and Þve February, when daily low temperatures were similar to those used in laboratory experiments. For the Þrst two experiments, parasites in cages were returned to the laboratory after 3 d in the Þeld and held at 13 Ϯ 1ЊC for an additional 3 d before numbers of adults surviving in each cage were recorded. For the third experiment, cages were transferred to the laboratory each morning and held at 13ЊC for several hours under lighted conditions before counts were made of parasites that had died, then returned to the Þeld. After the Þfth day in the Þeld, all cages were held at 13ЊC for an additional 3 d before the Þnal counts of parasites surviving were made to conclude the experiment. The mean percentage survival (Ϯ SE) for parasites in each of the three experiments was calculated. Daily high and low temperatures, duration of low temperatures, and numbers of B. curculionis included in each Þeld experiment are given in Table 1 .
Results

Detection of Parasites.
Eggs and/or newly-hatched larvae of B. curculionis were typically observed in dissections of Þrst and second instars of H. postica from the earliest collections made each year. It is apparent that adults of the parasite were usually present at the time when the Þrst host larvae hatched and began feeding in growing terminals of alfalfa plants. The mean (Ϯ SE) Julian date for Þrst detection was 69 Ϯ 17 (range ϭ 34 Ð97) in Grady County and 72 Ϯ 18 (range ϭ 35Ð100) in Payne County (Table 2) . Although Þrst detection of B. curculionis was made from (Table 2) . During most years, adults of B. curculionis were exposed to freezing temperatures during the period when parasitization was estimated to have begun ( Table 2) . Exposure of adults to freezing temperatures was a certainty when parasitization was estimated to have begun in January as daily low temperatures were consistently below freezing.
Adult Emergence. Experiments conducted to conÞrm adult emergence under photoperiodic and temperature conditions which prevail during fall and winter in the Southern Great Plains indicate that environmental conditions are conducive to emergence of B. curculionis during this time of year. Exposure to 4ЊC for as little as 1 wk resulted in 2% of parasites terminating diapause and emerging as adults within 20 d after being moved to 23ЊC with a photoperiod of 12:12 (L:D) h. When held at 4ЊC for 5Ð 6 wk, 50% of parasites terminated diapause and emerged 15Ð16 d after being moved to 23ЊC (Fig. 1) . When cocoons were held at temperatures alternating between 4 and 15ЊC in daily cycles, the mean Ϯ SE period to Þrst emergence of adult parasites was 68 Ϯ 3 d; and 50% emergence occurred within 87 Ϯ 3 d. However, when the daily high temperature was increased from 15 to 23ЊC, mean days to Þrst emergence declined to 40 Ϯ 5 d; and 50% emergence occurred in 78 Ϯ 6 d. These results are consistent with emergence patterns that could result in the collections of adults of B. curculionis we have recorded during fall in Oklahoma.
Cold Tolerance. Mean daily low temperatures for the months of February and March in central Oklahoma are near freezing (Table 3) , and adults of B. curculionis are often exposed to freezing temperatures during the times when parasitism of the alfalfa weevil is Þrst detected. Laboratory studies demonstrated that adults are tolerant of freezing temperatures because daily mean percent survival with a high of 13ЊC and low temperature below freezing ranged from Ͼ99% when the daily minimum temperature was Ϫ1ЊC to Ϸ97% when the minimum was Ϫ9ЊC (Table 4) . Cumulative mean percent survival (ϮSE) after 5 d with low temperatures below freezing ranged from 97.1 Ϯ 3.9% for males of B. curculionis (95.7 Ϯ 3.9% for females) when the daily low temperature was Ϫ1ЊC; to 84.3 Ϯ 13.7% for males (85.7 Ϯ 5.1% for females) when the low temperature was Ϫ9ЊC (Table 4 ). The expected longevity of adults is at least 2Ð3 wk when held at 13ЊC as indicated by 100% survival of females (92.9 Ϯ 5.1% for males) in the control groups for this experiment and consistent observations of survival for 3 wk or longer in laboratory colonies (R.C.B., unpublished data). There was also little evidence that freezing temperatures reduced the capability of B. curculionis to produce viable eggs. Dissections of H. postica larvae following exposure to female parasites taken from cold treatments revealed the following: Ϫ9ЊC (83% laid viable eggs), Ϫ5ЊC (67%), Ϫ1ЊC (83%), and 13ЊC (constant temperature) (62%).
Temperature conditions for three Þeld experiments conducted to validate results of the laboratory study also indicate relatively high tolerance to freezing temperatures in adults of B. curculionis (Table 1) . During the Þrst experiment conducted from 26 to 28 January 2000, daily low temperatures ranged from 0 to Ϫ3ЊC. The mean survival (ϮSE) for 26 groups of parasites included in this experiment was 99.4 Ϯ 0.8% (males and females not counted separately). For the second experiment conducted from 29 to 31 January, daily low temperatures ranged from Ϫ6 to Ϫ12ЊC. The effect of much lower temperatures was evident as mean survival for 15 groups of parasites was 62.0 Ϯ 17.2%. During the third experiment conducted from 1 to 4 February, daily low temperatures ranged from Ϫ3 to Ϫ9ЊC. Mean survival after 2 d of exposure to freezing temperatures was 89 Ϯ 18.1%, and after 4 d had declined to 80.5 Ϯ 16.7%.
Discussion
Based on the observation that adults of B. curculionis are often collected during the period from 15 October to 15 December (Berberet and Bisges 1998) , and that Þrst detection of parasitism typically occurs with dissection of Þrst and second instars of H. postica from the It is important to note that low temperature is usually not a diapause terminating signal, but may act as a factor regulating diapause development and once diapause is terminated, a factor determining the rate of postdiapause development (Tauber et al. 1986 ). With historic means for daily high temperatures consistently above the developmental threshold of 6ЊC for B. curculionis (Eklund and Simpson 1977) , typical conditions for fall and winter in central Oklahoma (Table 3) could provide sufÞcient heat energy for pupal development once diapause is terminated. Our dissection results indicate that pupation and emergence of adults do occur and lead to the consistent pattern of detecting eggs and/or newly hatched larvae of the parasite within hosts collected in late winter and early spring. Although this pattern of emergence for B. curculionis often means that adults are exposed to freezing temperatures, it also results in close synchrony of the parasite life cycle with the most favorable host life stage for parasitism to occur. Leather et al. (1993) describe how response to temperature and photoperiod by parasites is related to those same responses by their host species to achieve synchrony in life cycles. Thus, the variability in Þrst detection of B. curculionis could primarily depend, not upon annual emergence patterns for adult parasites independent of host activity, but on the rather broad range of dates that occur for Þrst hatch and onset of feeding by H. postica larvae in the Southern Great Plains (Berberet et al. 1980 , Stark et al. 1993 .
The assertion that adults of B. curculionis emerge throughout fall and winter and are present to parasitize the Þrst available host larvae cannot be sustained without evidence that these adults can survive the freezing temperatures that are a common occurrence at this time of year. Evidence from experiments conducted both in the laboratory and Þeld indicates that a high percentage of B. curculionis can survive exposure to temperatures far below freezing. The capability of the adult stage of B. curculionis, although not in the diapause state, to survive freezing temperatures may be due to a combination of factors that have been observed to reduce injury due to cold in other insects. First, the rate of cooling is relatively slow under Þeld conditions (and laboratory conditions used in our studies), in that temperatures decline to the coldest levels over a period of several hours. These rates are similar to the rate of 0.1ЊC/min which Bale et al. (1989) found conducive to survival of a high percentage of nondiapausing forms of the gall ßy, Eurosta solidaginis (Fitch), when exposed to a low temperature of Ϫ40ЊC. This was in comparison to just 7% survival in E. solidaginis with the cooling rate of 10ЊC/ min. Also, the slow rate of cooling in our experiments may actually have facilitated a rapid cold-hardening similar to that observed by Czajka and Lee (1990) in 3-to 5-d-old adults of Drosophila melanogaster Meigen, which exhibited greatly enhanced survival when they were chilled for 30 min at 5ЊC before being exposed to Ϫ5ЊC. Although there was no survival without the chilling (conditioning), Ϸ50% of D. melanogaster survived a 2-h exposure to freezing after being conditioned by chilling.
A second conditioning factor that may have inßu-enced survival in B. curculionis could have been the relatively low temperature (13ЊC) at which adults were held in the laboratory before being used in our experiments. Also, daytime temperatures ranging from 0 to 18ЊC in Þeld experiments (Table 1) , may have contributed to increased cold-hardiness. The fact that temperatures survived by the majority of B. curculionis adults in our experiments are typical of those that prevail under Þeld conditions suggests a level of cold-hardiness that is sufÞcient to permit survival and In summary, we have compiled evidence from both laboratory and Þeld observations that adults of B. curculionis emerge throughout fall and winter in the Southern Great Plains. Although we have no means of quantifying reproductive potential that is lost because of the temporal pattern of emergence by B. curculionis, it appears certain that some adults emerge at times when larvae of H. postica are not present. It is likely that the majority of parasites emerge in late winter and early spring when host larvae are available. The capability of B. curculionis to survive freezing temperatures that are typical of winter and early spring in the Southern Great Plains is advantageous, and allows the possibility that adult parasites may survive for 2Ð3 wk while searching for host larvae. This capability improves synchrony between host and parasite, and permits successful parasitization of H. postica from the time that the Þrst larvae are established in plant terminals and enhances the opportunity for successful biological control.
